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ABSTRACT: Herein we demonstrate that chabazite
zeolite SAPO-34 membranes effectively separated Kr/Xe
gas mixtures at industrially relevant compositions. Control
over membrane thickness and average crystal size led to
industrial range permeances and high separation selectiv-
ities. Specifically, SAPO-34 membranes can separate Kr/
Xe mixtures with Kr permeances as high as 1.2 × 10 −7

mol/m2 s Pa and separation selectivities of 35 for molar
compositions close to typical concentrations of these two
gases in air. In addition, SAPO-34 membranes separated
Kr/Xe mixtures with Kr permeances as high as 1.2 × 10 −7

mol/m2 s Pa and separation selectivities up to 45 for molar
compositions as might be encountered in nuclear
reprocessing technologies. Molecular sieving and differ-
ences in diffusivities were identified as the dominant
separation mechanisms.

The separation of krypton from xenon is an industrially
relevant problem. Kr and Xe are widely used in fluorescent

light bulbs. High-purity Xe has been used in commercial lighting,
medical imaging, anesthesia, and neuroprotection.1 The current
conventional technology produces these gases from the
cryogenic distillation of air in which these noble gases are
present in very small concentrations (1.14 ppmv Kr, 0.086 ppmv
Xe).2 Typically, both Kr and Xe separate into the oxygen-rich
stream after distillation and are concentrated and purified to
produce an 80/20 molar mixture of Kr to Xe.3 This final mixture
undergoes cryogenic distillation to produce pure Kr and pure Xe.
However, cryogenic distillation is an energy-intensive and
expensive process. In addition, separating Kr from Xe is an
important issue for nuclear industries. Specifically, separating Kr
from Xe is a critical step in removing radioactive 85Kr during
treatment of spent nuclear fuel.3 Effectively separating Kr from
Xe in nuclear reprocessing plants would lead to a considerable
reduction in storage costs and in potential revenue generated
from the sale of pure Xe. The conventional method to separate
these two gases is fractional distillation at cryogenic temper-
atures, which is again an energy intensive process. Furthermore,
even after cryogenic distillation, trace levels of radioactive Kr are
too high to permit further use. Membrane technology could play
a key role in making this separation less energy intensive and
economically feasible. Membrane separation process is a viable
energy-saving method since it does not involve any phase

transformation; furthermore, the required membrane process
equipment is simple and easy to operate, control, and scale-up.
Based on the kinetic diameter of Kr (3.69 Å) and Xe (4.10 Å),

in principle, SAPO-34, a chabazite small pore zeolite
silicoaluminophosphate displaying average pore size of 3.8 Å
and having the composition SixAlyPzO2 where x = 0.01−0.98, y =
0.01−0.60, and z = 0.01−0.524 represents an ideal candidate in
membrane form tomolecular sieve Kr fromXe. The first example
of a continuous SAPO-34 membrane was reported almost two
decades ago.5 Since 1998, Noble and Falconer groups have
pioneered and demonstrated the successful synthesis of high-
performance SAPO-34 membranes able to efficiently separate
diverse gas mixtures involving mainly CO2, H2, CH4, and other
light hydrocarbons.6−15 The sharp molecular sieving properties
of SAPO-34 membranes have been demonstrated for diverse
industrial relevant molecular gas separations, including mainly
CO2/CH4,

6−16 CO2/N2,
16,17 CO2/butane,

15 and N2/
CH4.

15,18−20 In all these cases, the smaller molecules diffuse
rapidly through the pores of SAPO-34, while the larger molecules
at most diffuse slowly, translating into high separation
selectivities. Herein, we demonstrate the ability of SAPO-34
membranes to effectively separate Kr/Xe gas mixtures at
industrially relevant compositions. SAPO-34 membranes were
synthesized by secondary seeded growth on porous tubular α-
Al2O3 supports at different molar ratios of water to allow
membrane thickness control. Membrane synthesis procedure is
given in the Supporting Information. The XRD patterns (Figure
S1) of the SAPO-34 crystals collected from membrane synthesis
were essentially identical for all water mole contents, and the
peak position and intensity match those of the simulated
chabazite topology typical of SAPO-34.21 Figure 1 shows
representative SEM images of SAPO-34 membranes synthesized
with different water contents. Top view SEM images (Figure 1a−
e) show well-intergrown and interconnected micron range
zeolite crystals. Cross-sectional SEM images of the membranes
(Figure 1a′−e′) show dense membrane layers with thickness
ranging from ∼3.0 to ∼8.7 μm. The thickness of the membranes
decreased as the water content increased.
SAPO-34 membranes were used to separate premixed 9:1 Kr/

Xe (Kr rich composition). This composition is close to typical
concentrations of these two gases in air and 9:91 Kr/Xe mixtures
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(Xe rich composition). This composition corresponds to that
encountered in nuclear reprocessing technologies). The feed
pressure was 223 kPa, and the pressure in the permeate side was
85 kPa. The separation results at room temperature for these
membranes are shown in Table 1. For the Kr rich composition,

Kr permeances correlated well with membrane thicknesses
(Figure S2). The thinner the membrane, the higher the Kr
permeance. Kr permeances ranged from 0.19 to 1.2 × 10−7 mol/
m2 s Pa. Kr/Xe separation selectivities ranged from 13 to 35. In
general, separation selectivities improved for the more diluted gel
compositions. The best separation selectivities were observed for
membranes with water molar contents of 250 and 350 (Figure
S2). For the Xe rich composition, Kr permeances correlated well
with membrane thicknesses too. Kr permeances increased as the
thickness of the membrane decreased. Kr permeances ranged
from 0.19 to 1.8 × 10−7 mol/m2 s Pa. As compared to the Kr rich
composition, for the Xe rich composition, Kr/Xe separation
selectivities were slightly higher, ranging from 14 to 45. The
highest separation selectivities were observed for membranes
with water molar contents of 250 and 350 (Figure S2). A
distinctive feature of the most Kr selective membranes for both
gas mixture compositions, (water compositions 250, 300, and
350) is its smaller and narrower crystal size distribution as
compared to the less selective membranes (water compositions
150 and 200). In principle, smaller crystal sizes close-pack
better11 leading to higher separation selectivities. The volcano-
type behavior observed for the Kr/Xe separation selectivity
(Figure S2) may indicate a coupled effect of crystal size and
membrane on the Kr/Xe separation performance.
As shown in Figure S3, the two key parameters having a

profound effect on Kr permeance and separation selectivities
were membrane thickness and membrane average crystal size,
respectively. Higher water content (x = 400) resulted in defective
membranes that could not hold pressure for a transmembrane
drop permeation measurement. In this case, intercrystalline
boundaries around SAPO-34 crystals might have resulted in high
concentration of defects. The observed high Kr permeances and
moderate to high separation selectivities make these SAPO-34
membranes appealing for separating Kr from Xe at industrial
relevant compositions. For any potential industrial applications,
membrane reproducibility is a key prerequisite. As a
representative example, Table S1 shows the separation perform-
ance for a premixed 9:1 Kr/Xe mixture of three membranes (x =
300) prepared independently. These membranes displayed
similar separation indexes π in the 0.23−0.27 mol/m2 s range,
indicating good reproducibility. Separation index π [π = Kr
permeance × (selectivity − 1) × permeate pressure] has been
used as a reliable quantitative parameter to predict zeolite
membrane reproducibility.10

Adsorption isotherms, isosteric heats of adsorption, and
column breakthrough experiments were measured for Kr and
Xe to help explain the separation mechanisms for the Kr selective
membranes. Figure 2a shows the Kr and Xe adsorption isotherms
collected at 298 and 278 K for SAPO-34 crystals. The adsorption
isotherms at 140 kPa (∼transmembrane pressure drop employed
for the gas mixture separation experiments) revealed Xe uptakes
of 39.9 cm3/g (1.78 mmol/g) and 46.3 cm3/g (2.07 mmol/g) at
298 and 278 K, respectively, and Kr uptakes of 14.7 cm3/g (0.66
mmol/g) and 22.6 cm3/g (1.01 mmol/g), respectively. There-
fore, at 140 kPa and 298 K (prevailing conditions during
separation experiments), SAPO-34 adsorbs ∼2.7 times more Xe
than Kr. Figure 2b shows the isosteric heats of adsorption (Qst)
for Kr and Xe calculated by Virial method, using the experimental
single adsorption isotherms (Figures S4 and S5). At 1.4 bar,
SAPO-34 crystals exhibitedQst values of−24.4 and−17.3 kJ/mol
for Xe and Kr, respectively, confirming the preferential
adsorption of Xe over Kr on SAPO-34. These Qst values are
higher than those reported for activated carbon22 and HKUST-

Figure 1. Top view (left) and cross-sectional SEM (right) images of
SAPO-34 membranes. Gel composition: 1.0 Al2O3/1.0 P2O5/0.3 SiO2/
1.0 tetraethylammonium hydroxide (TEAOH)/1.6 dipropylamine
(DPA)/x H2O: (a,a′) x = 150, (b,b′) x = 200, (c,c′) x = 250, (d,d′) x
= 300, and (e,e′) x = 350.

Table 1. Kr/Xe Separation Performance over SAPO-34
Membranea

feed molar composition:
9:1 Kr/Xe

feed molar composition:
9:91 Kr/Xe

water
content

membrane
thickness
(μm)

Kr
permeance
(mol/m2 s
Pa) × 10−7 selectivity

Kr
permeance
(mol/m2 s
Pa) × 10−7 selectivity

x = 150 8.7 0.19 13 0.19 14
x = 200 6.0 0.75 20 0.45 15
x = 250 4.3 1.0 35 0.87 45
x = 300 3.5 1.1 26 1.4 28
x = 350 3.0 1.2 31 1.8 44

aTransmembrane pressure = 138 kPa.
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122−24 and comparable to those of Ni-MOF-7422,23 and Mg-
MOF-74.23 Ideal adsorbed solution theory (IAST) was used to
predict the selectivity of Xe over Kr binary mixture based on the
experimental single adsorption isotherms collected at 298 K. The
single-component isotherms were fit to a Langmuir−Freundlich
eq (Figures S6 and S7). At 140 kPa and 298 K the adsorption
selectivity for a 91:9 Xe/Kr binary gas mixture was calculated to
be ∼7 (Figure 2c), confirming again that Xe adsorbs stronger
than Kr. The preferential adsorption of Xe over Kr in SAPO-34
can be explained by differences in dipole polarizabilities of these
two molecules. Xe has higher dipole polarizability (26.85−28.7
atomic units) as compared to Kr (16.44−18.0 atomic units).25

Due to local electronegativity differences between framework Si,
Al, and P, SAPO-34 has anionic framework with a net negative
charge depending upon how the silicon substitution into the
framework.26 Therefore, stronger electrostatic interactions
between the negatively charged SAPO-34 surface and the higher
dipole moment of Xe promotes its preferential adsorption over
Kr. The preferential adsorption of larger molecules over smaller
molecules has been observed in chabazite zeolite crystals.27 In
addition, the preferential adsorption of Xe over Kr on different
porous crystalline materials, including zeolites and metal−
organic frameworks (MOFs), is well documented. For example,
zeolite NaX has been used as a selective adsorbent for Xe over Kr
with a selectivity of ∼6 with Kr concentrations ranging from 1 to
10,000 ppm.3 Zeolite NaA displayed a selectivity of∼4 for binary
mixtures of Xe and Kr at 300 K between 100 and 1000 kPa.28

Adsorption Xe selectivity over Kr has been observed in MOFs,
too.1,22,29−32 The leading sorbent material for Xe/Kr separation
is the porous organic cage CC3, which was shown to separate 400
ppmXe from 40 ppmKr in air with a Xe/Kr selectivity of∼20.4.1
In the case ofMOFs, the selectivity to Xe arised from the fact that
Xe is a more polarizable molecule than Kr, which tends to form
stronger van der Waals interactions with the open metal centers
of MOFs. In the case of CC3, the selectivity to Xe was attributed
to a precise size match between Xe and the organic cage cavity.

In principle, the preferential adsorption of Xe would favor
separating Xe over Kr in the gas mixture. However, the smaller Kr
molecule should diffuse faster than the larger Xe molecule.
Column breakthrough experiments were conducted to learn
about the relative diffusivity differences between Kr and Xe over
SAPO-34 crystals (Figure 2d). For a 91:9 gas mixture at 298 K,
the breakthrough time for Kr was 22min, and for Xe, 39min for 1
g of sample at flow rate of 1 mL/min and pressure of 140 kPa,
indicating higher diffusivity of Kr over Xe. This was expected
since Kr has lower capacity and affinity to SAPO-34 diffusing out
from the column faster (breakthrough first), while Xe having
higher affinity and capacity to SAPO-34 will breakthrough later.
Therefore, differences in diffusivity favor the separation of Kr
over Xe in the gas mixture. Differences in diffusivities leading to
Kr/Xe ideal separation selectivities of ∼11.8 over SAPO-34
membranes grown on porous alumina disks have been
reported.33 Molecular gas mixtures can be separated over zeolite
membranes by at least one of the following separation
mechanisms: molecular sieving, differences in diffusivity, and
competitive adsorption. Based on the kinetic diameter of Kr
(3.69 Å) and Xe (4.10 Å), SAPO-34 membranes can separate
these gases by molecular sieving. In addition, to this mechanism,
breakthrough experiments (Figure 2d) demonstrate higher
diffusivity of Kr over Xe. Since separation selectivities for gas
mixtures (Table 1 and Table S2) are moderate, this suggests that
Xe can permeate through the pores of SAPO-34. This is not
surprising since hydrocarbons such as propane and n-butane,
having kinetic diameters of ∼4.3 Å (slightly larger size than Xe
molecule), can adsorb within the pores of SAPO-34.34

Adsorption experiments show that Xe adsorbs more strongly
than Kr on SAPO-34 crystals, favoring the separation of Xe over
Kr in the gas mixture. Although competitive adsorption and
diffusivity/molecular sieving compete as separation mechanisms,
separation data suggest that diffusivity differences and molecular
sieving are the two dominant mechanisms leading to highly
permeable Kr selective membranes.
In order to gain further insights into intracrystalline

diffusivities of Xe and Kr, we carried out simulations of
membrane permeation and transient breakthroughs using the
methodologies detailed in the literature.35−37 The simulation
details are included in the Supporting Information (Figure S8−
S11). On the basis of the simulations, we can conclude that the
membrane permeation experiments can be rationalized if the
intracrystalline diffusivity of Kr is about 2 orders of magnitude
higher than that of Xe. The transient breakthrough experiments
also indicate that diffusivity of Kr is significantly higher than that
of Xe.
Few membranes have been proposed to separate Kr and Xe

(Table S2). However, all these membranes have been evaluated
only for single gas permeation experiments and not for gas
mixtures. Furthermore, these membranes show low ideal
separation selectivities and low Kr permeances.
A membrane prepared with 350 mol water content was

evaluated for themolar gas mixture composition of 9:91 Kr/Xe at
transmembrane pressure of 700 kPa, which is the typical pressure
at which Kr and Xe may enter to the column cryogenic
distillation process.38 As expected, and mainly due to
concentration polarization, both Kr permeance and Kr/Xe
separation selectivity decreased to 0.19 × 10−7 mol/m2 s Pa and
13, respectively. Despite this decrease, SAPO-34 membranes still
display moderate Kr permeances and Kr/Xe separation
selectivities at such high pressure.

Figure 2. (a) Single component Xe and Kr adsorption isotherms
collected at 298 and 278 ., (b) Xe and Kr isosteric heats of adsorption
(Qst) calculated by Virial method. (c) IAST calculated selectivity for 91:9
Xe/Kr gas mixture at 298 K. (d) Column breakthrough experiment for
91:9 Xe/Kr gas mixture at 298 K and 140 kPa for SAPO-34 crystals.
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In summary, we have demonstrated the ability of SAPO-34
membranes to effectively separate Kr/Xe gas mixtures at
industrially relevant compositions. Membrane thickness and
average crystal size were key parameters that profoundly affected
membrane separation performance. Thinner membranes with
smaller and narrower crystal size led to industrial range
permeances and high separation selectivities. SAPO-34 mem-
branes separated Kr/Xe mixtures with Kr permeances as high as
1.2 × 10−7 mol/m2 s Pa and separation selectivities of 35 for
molar compositions close to typical concentrations of these two
gases in air. In addition, SAPO-34 membranes separated Kr/Xe
mixtures with Kr permeances as high as 1.2 × 10−7 mol/m2 s Pa
and separation selectivities up to 45 for molar compositions as
might be encountered in nuclear reprocessing technologies.
Diffusivity differences and molecular sieving were the two
dominant separation mechanisms. The high Kr permeances and
high separation selectivities make these membranes appealing for
separating Kr/Xe mixtures at industrial relevant compositions,
and potentially as a more economic and less energy intensive
alternative to cryogenic distillation, the benchmark technology
used to separate these gas mixtures.
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